A simple and reproducible method using the non-ionic resin, Amberlite XAD-7, for the isolation of bile acids from serum by a batch procedure is described. Recoveries were greater than 95% for the non-sulphated bile acids and greater than 70% for the sulphate esters of bile acids. By using 1 g of resin, recoveries were independent of the mass (0.1-5 /Lmol) of the bile acid present. Up to 35 samples a day can be extracted without requiring dedication of the operator. When serum extracts were analysed by the 3cx-hydroxysteroid dehydrogenase procedure for estimation of bile acids, virtually all the background fluorescence was eliminated. These extracts were also suitable for gas liquid chromatography, thin layer chromatography, and radioimmunoassay.
The analysis of bile acids in serum requires deproteinisation before the techniques of gas liquid chromatography (g.l.c.), thin layer chromatography (t.l.c.), or the f1uorimetric enzymatic procedures (Murphy et al., 1970; Haslewood et al., 1973) can be employed. In addition, although the original radioimmunoassay (RIA) method for serum conjugated cholic acid (Simmonds et al., 1973) did not use serum extraction, Murphy et al. (1974) showed that this is necessary to obtain accurate data. Treatment of serum with solvents is a cumbersome procedure, and Schwarz et al. (1974) recommended the use of the non-ionic resin XAD-2 in small columns for the extraction of bile acids from serum. However, the methanol eluates of these columns, as well as containing the extracted bile acids, contained impurities which caused interference ing.I.c. analyses. It has been found in this laboratory (Barnes et al., 1976; Summerfield et al., 1976 ) that this difficulty can be overcome by the use of another non-ionic resin, XAD-7, an acrylic copolymer. This resin, which is more polar than XAD-2, also gave better recoveries of bile acid sulphates. However, the column method of extraction is not suitable for dealing with large numbers of samples. A batch procedure has therefore been investigated in order to obtain a quick, efficient, and simple method for the isolation of bile acids from serum.
MATERIALS AND METHODS
The resin, XAD-7, was purchased from Rohm and Haas Ltd, Croydon, Surrey, as 350-500 {-tm beads. It was soaked in water to remove the sodium chloride and sodium carbonate added as preservative. The fines were removed by repeated swirling and pouring off the supernatant so that all the remaining beads Author for correspondence: Mr A. Chitranukroh. sedimented within 20-30 seconds. The resin was then extracted with methanol, chloroform :methanol (l :1, v/v), methanol, and finally water. The resin was kept under water until required. After use the resin was soaked in aqueous methanol (1 :1, v/v) and regenerated by repeating the solvent extraction procedure.
Stripped serum was prepared from 500 ml human serum by stirring with 3 x 5 g activated charcoal pre-equilibrated in sodium phosphate buffer (0.01 mol/I, pH 7.4), and then with 10 g AG-l chloride form ion exchange resin (Biorad Laboratories Ltd, Bromley, Kent). The serum was filtered through a 0.22 {-tm millipore membrane before use.
The non-sulphated bile acids were purchased from Weddel Pharmaceuticals Ltd, Clwyd, with the exception of sodium lithocholylglycine (Maybridge Chemical Co. Ltd, Tintagel, Cornwall). Cholyl-(ll4C)-glycine and (24 14C)-ehenodeoxycholic acid were obtained from the Radiochemical Centre, Amersham, Buckinghamshire. Each bile acid was carefully purified by preparative t.l.c. on 20 x 20 cm plates of 1 mm thick silica gel CT (Reeve Angel Ltd, London SE 1) before use. The solvent system 1, 2-dichloroethane:acetic acid:water (10:10:1, by vol.) (Gregg, 1966) was used for the conjugated bile acids and the system 2, 2, 4-trimethylpentane: di-isopropyl ether:acetic acid:propan-2-ol (2:1:1 :0.4, by vol.) (Barnes et al., 1976) for the unconjugated bile acids.
As bile acid sulphates were not estimated by the enzymatic procedure (Haslewood and Haslewood, 1976) , 14C-Iabelled forms were synthesised so that they could be analysed directly. The 7-monosulphate and 3, 7-disulphate of chenodeoxycholic acid and chenodeoxycholylglycine were prepared from (24 14C)-chenodeoxycholic acid (5 {-tCi, 25 {-tmol) and (24 14C)-chenodeoxycholylglycine (10 {-tCi, 10 {-tmol) by a carbodiimide procedure (Mumma, 1966) . resin. Experiments carried out at 37"C are indicated by closed circles (e), and at 2l"C by open circles (0). Four measurements were made at each time point, but as the standard deviation was less than I %ofthe mean it has not been marked.
Effect of time and temperature on the binding to the resin
Cholyl-(114C)-glycine (100 000 d/rnin, 100 nmol) in aqueous methanol was added to a series of tubes and taken to dryness. Stripped serum (1 ml) was added to each tube, followed by 8 ml sodium hydroxide solution (0.1 mol/I), and the tube was sealed and mixed at 37°C for 30 min. The resulting solution was transferred to a second tube containing 1 g XAD-7 resin. Each tube was capped and incubated for various times (0-2 h), both at room temperature (21°C) and at 37"C. At each time point the appropriate tube was placed upright to allow the resin to settle; 1 ml aliquot of the supernatant was taken to measure the radioactivity to see how much cholylglycine remained unbound. Although binding at 21°C was not as quick as at 37"C, none the less at In order to determine the optimal extraction procedure for bile acids using the resin XAD-7 the recovery of cholyl-(P4C)-glycine after its addition to 'stripped' serum was studied as a model for the other bile acids. The data in this section are summarised in Table 1. (24 14(;)-chenodeoxycholic acid by the mixed anhydride method (Norman, 1955) . The 3-sulphate of lithocholic acid was similarly prepared from (24 14C)lithocholic acid (5 /LCi, 25 /Lmo!) (Arnersharn-Buchler, Braunschweig, Germany). Each was purified by t.I.c. (solvent system, chloroform: methanol:acetic acid:water 65:24:15:5, by vo1.) (Cass et al., 1975) on pre-eoated silica gel 60 plates (20 x 20 em, 1 mrn thick) (B.D.H. Ltd, Poole, Dorset).
The radioactivity in samples was measured in a Philips scintillation spectrometer, using NE.260 scintillation fluid (Nuclear Enterprises Ltd, Edinburgh).
Measurement of the non-sulphated bile acids was carried out by a modification of the fluorimetric method of Murphy et al. (1970) 
The capacity of XAD-7 resin
The percentage of cholylglycine bound to 1 g XAD-7 after 60 min at 21°C was determined over a wide range of amounts of cholylglycine (up to 20 000 nmol) as described above. Over the range of 'total' serum bile acid concentrations found in patients with liver disease in this laboratory (0-800 nrnol/ml), there was no change in the percentage of cholylglycine bound (Fig. 2) . Even at the highest .t
The effect ofincreased amounts of serum
Aliquots of cholylglycine (100 nmol, 100 000 d/min) were incubated with varying amounts of stripped serum (0.2-4.5 ml). Sodium hydroxide solution (0.1 moll I) was added to bring the total volume in each tube up to 9 ml. After incubation at 37°C for 30 min, each solution was transferred to a second tube containing 1 g XAD-7 resin, and mixed for 60 min at 21°C. Percentage binding of cholylglycine was independent of the amount of serum up to 3 ml (Table 2) . Washing XAD-7 resin after binding It was found to be important to keep the pH above 10 at all times. If 2 ml water (pH 5) was added to the resin (after the supernatant was removed following binding) which was contaminated by sodium hydroxide solution (0.1 mol/I), and subsequently mixed, 20% of the bound cholylglycine was eluted from the resin, despite the pH after mixing being above 10. This difficulty was overcome by using dilute sodium hydroxide solution (0.004 mol/I) instead of water, the mean loss now being (0.52 ± 0.12 %, mean ± standard deviation). Jncreasing the wash volume to 8 ml led to an increased loss (2.0 ± 0.3%).
Definitive extraction procedure
The resin, XAD-7 (l g) was added to 10 ml glass tubes fitted with a screw cap lined with a Teflon spacer (V. A. Howe and Co. Ltd, London SW6). Serum (0.2 --2.0 ml) was added to the tubes, followed by sodium hydroxide solution (0.1 mol/l) to give a final volume of 9 ml. The tubes were then
Elution of cholylglycine from XAD-7 resin
The elution of cholylglycine with methanol (6 ml) from XAD-7 resin was independent of time between 5 and 30 min. To obtain maximum elution two washes with methanol (6 ml each) were necessary, 87.6 ± 4.5% from the first wash, and 9.8 ± 1.0% on the second. 
The amount of resin required
The percentage binding of 100 nmol cholylglycine by differing amounts of XAD-7 (0.2-2.0 g) at 21°C for 60 min showed that there was little increase above I g of resin, but that 0.2 g of resin bound only 70% (Fig. 3 ). Furthermore, loading studies with 0.5 g resin showed that percentage binding was constant only up to 500 nmol and then decreased. Thus I g of XAD-7 resin would be sufficient for the efficient extraction of cholylglycine from I ml of serum from any patient. %recovery-(mean ± S.D.) Table 4 Extraction of(24-1'C) sulphated bile acids (25 and 100nmol)from 1 ml serum by 1 g Recovery of the bile acid monosulphates was greater than 85 % whereas the bile acid disulphates had a lower recovery (70-80%) ( Table 4 ). For each of the chenodeoxycholic acid sulphate derivatives there was no difference in the percentage recovery between 25 nmol and 100 nmol. For lithocholate-3sulphate percentage recovery of 100 nmol decreased to 82.5~~. No increase in binding occurred by extending the initial stage of extraction to three hours.
As the bile acid disulphates were not completely bound in this batch procedure, comparison was made with the column procedure (as described by Schwarz et al., 1974) using an XAD-7 (0.7 x 6 em) resin column.
It was found that the flow rate was crucial for extraction of chenodeoxycholate-3, 7-disulphate.
With a slow flow rate (5 ml/h) 80.5 ± 5.5% was bound whereas loading at 20 ml/h only 48. 
REsULTS
mixed on a Rollermix (Luckham Ltd, Burgess Hill, Sussex) which takes 24 tubes, at room temperature (21°C) for 60 minutes. Tubes were placed upright and the supernatant removed with a pasteur pipette connected to a vacuum line. In order to maintain a pH of at least 10 at all stages during the washing procedure, dilute sodium hydroxide solution (2 ml, 0.004 mol/I) was added. The tubes were mixed briefly by hand on a Whirlimixer and the supernatant was removed. Methanol (6 ml) was added to the resin and the tubes were mixed for a further 20 minutes on the Rollermix. The methanolic supernatant was transferred to 50 ml stoppered boiling tubes. The resin was extracted with a second 6 ml portion of methanol and the supernatant solutions were combined. Methanol was removed in vacuo using a rotary evaporator at 50°C.
Recoveries ofbile acids in definitive procedure
The recovery of each bile acid (100 nmol added to 1 ml of serum) was studied using the definitive extraction procedure. An aliquot, equal to the 100 nmol added to serum, was evaporated in a 50 ml boiling tube (as used for the XAD-7 methanolic eluate). The amount of each bile acid in the serum extract and in the starting material was measured by 3cx-hydroxysteroid dehydrogenase, and percentage recovery was calculated. The percentage recovery of choly1glycine measured in this way (94.5 ± 4.0%, mean ± standard deviation) was similar to that obtained by using cholyl-(114C)-glycine (92.0 ± 4.0 %). Recoveries of the other bile acids (Table 3 ) Table 3 Extraction of non-sulphated bile acids (l00 nmol) from 1 ml serum by 1 g tended to be higher than cholylglycine, and were related to the number of hydroxyl groups. Lithocholyl conjugates and deoxycholylglycine consistently had recoveries greater than 100%. 
DISCUSSION
This batch procedure using the non-ionic resin XAD-7 is an efficient and convenient method of extracting bile acids from serum, and produces an extract which is suitable for analysis by g.I.c. (Barnes et al., 1976) , hydroxysteroid dehydrogenase (Thjodleifsson et al., 1977) , t.I.c., and radioimmunoassay. As observed for XAD-2 (Schwarz et al., 1974) XAD-7 extraction eliminates the highly variable serum blank previously observed in the enzyme method (Murphy et al., 1970) , in particular there was no variation between extracts from normal and deeply jaundiced serum. The procedure can be interrupted at any stage which is convenient; 30-35 samples can easily be assayed each day. The recoveries for the bile acids are reproducible (mean coefficient of variation 2.0 %) and for the nonsulphated bile acids (94.5-106.4 %), in excess of that reported for XAD-2 extraction using a column method (81-101 %, Schwarz et al., 1974) .
The reproducibility of the data, the independence from the amount of bile acid present on the initial binding, and the relationship between the amount of resin present and the initial binding suggests that the system behaves as an equilibrium partition between the liquid and solid phases. Thus the ideal system has the maximum resin to fluid ratio consistent with ready elution with methanol. It follows that, provided the bile acids can be dissociated from the serum proteins, their recovery should be independent, in a fixed volume system, from the amount of serum added, as was observed in this study.
The lower recoveries of the sulphates reflect their much increased polarity; the finding of Parmentier and Eyssen (1975) of poor recovery of cholic acid trisulphate through an XAD-2 column is in agreement with this observation. None the less, the recoveries of bile acid sulphates by this batch procedure were again reproducible and independent of the mass present. Extraction with XAD-7 using the column method was variable, being related to flow rate in the column. As the length of time of loading the column necessary to obtain comparable percentage recovery as the batch procedure was at least 2t hours, this was not practical.
'Liver function' tests based on the measurement of the bile acids with the hydroxysteroid dehydrogenase enzymes (Barnes et al., 1975; Schwarz et al., 1975) are not affected by the lower recovery of the bile acid sulphates as these enzymes do not act on the bile acid sulphates even when the appropriate hydroxyl group is available (Haslewood and Haslewood, 1976) . Thus all the bile acids measured by the enzyme method are essentially completely recovered by the XAD-7 resin. Moreover the concentrations of suJphates in serum are low.
Recently two 'direct' measurements of serum bile acids have been described (Mashige et aI., 1976; Siskos et al., 1976) . In both cases further investigations by g.l.c., t.l.c., and RIA still require extraction of bile acids from serum. Precipitation of serum proteins by heating was carried out in one method (Mashige et al., 1976) resulting in low recoveries (81 %). The need to use an expensive double beam spectrofluorimeter in the second method (Siskos et al., 1976 ) is a financial disadvantage.
Finally, this batch extraction procedure with XAD-7 resin has been used in the comparison of several serum bile acid 'liver function' tests (Thjodleifsson et al., 1977) . The mean value (± standard deviation) in normal subjects for fasting samples was 13.2 ± 2.9 fLmolfl and two hours postprandially 12.6 ± 4.9 fLmol/1. These values are higher than we previously reported (Barnes et al., 1975) using ethanol precipitation of serum, although the upper limit of the normal range went up by only I fLmol/l to 16 fLmolfI.
